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Background and Rationale 

Current bioremediation and risk-management practices are being adapted to the 

increasing possibility of encountering oxygenates (primarily methyl tert-butyl ether, 

MTBE, and ethanol) as co-contaminants at the approximately 400,000 leaking 

underground fuel tank (LUFT) sites nationwide. However, little is known about the 

effect of oxygenates on microbial populations and the resulting shifts in the microbial 

ecology and catabolic diversity that may result from the inclusion of oxygenates in 

reformulated gasoline. Among the possible effects are enrichment of oxygenate- 

degrading bacteria in relation to BTEX (benzene, toluene, ethylbenzene and xylenes)- 

degrading bacteria, the fortuitous enrichment of bacteria that can degrade both 

oxygenates and BTEX' compounds, no effect on BTEX-degrading populations, or 

decreases in populations of certain bacteria as a result of toxicity (for example, a possible 

synergistic toxic effect from the combined presence of ethanol and BTEX). 

Indigenous microbial communities often degrade BTEX using electron acceptors 

preferentially in order of decreasing reduction potential (Chapelle, 1993). Sequential 

depletion of el'ectron acceptors often leads to successive transitions from aerobic to . . . 



denitrifying, iron-reducing, sulfate-reducing, and methanogenic conditions. Oxygenates 

may contribute to the depletion of electron-acceptor pools during their microbial 

degradation, and this depletion is likely to affect temporal and spatial transitions in 

electron-accepting conditions during natural attenuation of petroleum-product releases. 

The changes in the microbial community associated with geochemical transitions are 

important to study because they affect BTEX degradation rates and therefore, the 

migration of BTEX contaminated groundwater plumes that could impact drinking water 

supplies. Aerobic degradation rates for individual BTEX compounds are significantly 

more rapid than those observed under anaerobic conditions (Hutchins, 199 1). 

Furthermore, the half-life of the oxygenate, ethanol, is shorter under aerobic conditions 

relative to anaerobic conditions (Alvarez et al., 1999). In addition, aerobic in situ 

biodegradation of MTBE has been reported (Wilson et al., 2002; Salanitro et al., 2000), 

whereas, its degradation under anaerobic conditions has not been widely documented. 

Therefore, it is important to understand how electron acceptor availability is affected by 
. .  

oxygenates and, how shifts in electron acceptor pools affect the presence and activity of 

hydrocarbon- and oxygenate-degrading microbial populations. 

Methods for quantifying subsurface microbial populations have shifted from 

culture-based approaches, which rely on growth of indigenous microorganisms under 

laboratory conditions, to nucleic acid-based approaches. 

typically' count less than 1% of the total population 

The culture-based methods 

of. microorganisms in an 
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environmental sample, whereas the DNA- or RNA-based approaches are not limited to 

groups of microorganisms that can be cultured. The nucleic acid-based or molecular- 

based methods use a unique sequence as a tag or identifier for a given population. 

Traditional molecular methods have included DNA:DNA hybridization, which uses a 

labeled DNA fragment as a “probe” to detect a specific group of microorganism. “State- 

of-the-art” molecular technologies such as real-time quantitative Polymerase Chain 

Reaction (PCR) (Heid et al., 1996) have much lower detection limits than traditional 

methods; for example, detection limits less than 10 microorganisms in a sample have 

been reported (Hristova et al., 2001; Gruntzig et al., 2001). 

Despite the advantages of molecular-based methods, one limitation to their 

widespread usage is the lack of available DNA sequence information. Furthermore, for 

detection and quantification of hydrocarbon-degrading microorganisms, the use of 

sequences based on presence of a functional or catabolic gene is preferred to the use of 

sequences that are specific to a phylogenetic group of microorganisms (i.e., ribosomal 

. DNA), since a similar phylogenetic group often has diverse metabolic potential. While 

the genes involved in MTBE degradation are unknown, many catabolic genes have been 

identified for the degradation of BTEX compounds. Several aerobic degradation 

pathways have .been characterized both- biochemically and geneticdly (See Table 1 for 

references). For anaerobic BTEX degradation pathways, several biochemical studies 

have been conducted for hy drocarbon-degraders using different eleckon acceptors (e.g., 
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Biegert et al., 1996; Beller and Spormann, 1997; Beller and Edwards, 2000), however, 

genetic analysis has been limited to the denitrifying bacteria (Leuthner et al. 1998; 

Coschigano et al. 1998; Achong et al. 2001). 

Research Focus and Objectives 

The focus of this mid-year LDRD project was to investigate the limitations and 

potential for genetic probes to be used to quantify shifts in bacterial communities due to 

the presence of oxygenates in gasoline released to the subsurface. Since more 

information was available for the genetic pathways for aerobic BTEX degradation, a 

major emphasis was placed on gene probes for aerobic microorganisms. The approaches 

used in this study could also be applied to anaerobic BTEX degradation pathways and to 

MTBE degradation pathways as the sequence information becomes available in the 

database. The project objectives were to: 

1. Design and produce genetic probes that are specific to aerobic BTEX degradation 

pathways. 

2. Perform laboratory tests to determine how specific or conversely, how “robust” are 

these genetic probes. 
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The overall goal was to develop laboratory tools that would allow one to quantify 

the effects of changes in the microbial community due to the use of oxygenates in 

reformulated gasoline. Presumably, shifts in populations of hydrocarbon-degraders using 

a given electron-acceptor would be correlated with shifts in concentrations of that 

electron-acceptor in the subsurface. 

Research Approach 

A variety of microbial strains containing genes coding for different biochemical 

pathways of aerobic BTEX degradation were selected for development of gene probes. 

The genes that correspond to unique BTEX degradation pathways that were investigated 

are shown in Table 1. 

Distinctive regions (< 300 bp) that appeared to be specific to the given pathway 

were selected from these genes after comparison with related genes in the GenBank 

database. Primers for PCR amplification were designed using MacVector software 

(version 6.1, Accelrys, San Diego, . -  CA) for these distinct regions. The primer sequences 

were screened for potential. cross-reactivity with other related but non-target DNA 

sequences (i.e., genes for a different pathway) using the GenBank nucleotide BLAST 

program (National Center for Biotechnology Information, Bethesda, MD). . Primers that 

met the criteria for specificity were used to develop gene probes for conventional 
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DNA:DNA hybridization analysis. 

“robustness” or their ability to target different genetic pathways which code for enzymes 

DNA sequences were also evaluated for their 

todCI 

tmoE 

tbuA2 

Table 1. Genes coding for enzymes involved in aerobic BTEX degradation. 

toluene 
dioxygenase, a- 
subunit of 
oxygenase 
toluene-4- 
monooxygenase, 
putative oxygenase 
toluene-3- 
monooxy genase, 
meta-hydroxylase, 

I 

told 

tbhE 

tbmB 

XYlM 

Gene I Enzymecodedfor 

putative subunit 
toluene/o-xylene 
monooxy genase, 
oxygenase subunit 
toluene-3- 
monooxygenase 
oxygenase subunit 2 
toluenehenzene-2- 
monooxygenase, 
oxygenase subunit 
xylene 
monooxygenase, 

I 

I hydroxylase 
I component 

Host bacterium 

Pseudomonas 
putida F1 

P. mendocino KR1 

Ralstonia pickettii 
PKOl 

P. stutzeri OX1 

Burkholderia 
cepacia AA1 

Pseudomonas sp. 
JS 150 

P. putida TOL mt-2 

GenBank 
Accession 
Number’ 

504996 

M65 106 

U04052 

AJ005663 

AF001356 

L40033 

M37480 

Reference 

Zylstra and 
Gibson, 1989 

Yen et al., 
1991 

Byrne et al., 
1995 

Bertoni et al., 
1998 

Ma and 
Herson, 1997 

Johnson and 
Olsen, 1995 

~~ 

Suzuki et al., 
1991 

National Center for Biotechnology Inforrnation, Bethesda, MD. 
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with related functions (i.e., they catalyze the addition of oxygen to an aromatic ring). A 

general probe for aerobic BTEX degradation potential would perhaps be more efficient in 

quantifying the whole community of microorganisms capable of aerobic BTEX 

degradation. 

Research Findings 

Reference strains were obtained from individual research laboratories for all 

seven of the genes listed above. The strains were grown in liquid media with toluene as a 

selective substrate for growth, except for P. putida TOL mt-2, which did not grow on 

defined media with toluene as sole carbon source. PCR conditions were optimized for 

the given PCR experiment using a range of buffers and annealing temperatures. After 

PCR experiments were conducted, the resulting PCR products were analyzed by gel 

electrophoresis to determine if the correct size fragment was amplified. PCR products 

were subsequently cloned and sequenced to ensure that the correct region was amplified. 

PCR products of the correct size and containing the correct sequence were 

obtained from all but one of the reference strains; no correct PCR product was obtained 

for generating the xyZM probe. The reference strain for the xyZ pathway (P. putida TOL 

mt-2) did not grow on toluene media so there was likely a problem with the template 

DNA used for PCR amplification of the xyZM probe. 

I 
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It was noted that some reference strains contained multiple pathways for BTEX 

degradation, so that cross-reactivity of genomic DNA from different reference strains 

would not be an accurate measure of the cross-reactivity of specific gene probes. For 

example, Pseudomonas sp. JS 150 containing the tbm pathway (Table 1 .) also contained 

sequences related to the toluene dioxygenase (tod) pathway. Therefore, tests for cross- 

reactivity of probes were designed such that individual probes would be used as targets in 

DNA hybridization analysis or as templates in real-time quantitative PCR analysis. 

Environmental samples were spiked with Pseudomonas putidu strain F1 bacteria 

containing todCl ( lo9 per g soil) in order to determine extraction efficiency and detection 

limits for hybridization and PCR-based methods. A modification of the method 

described by Zhou et al. (1996) was used and extraction efficiencies greater than 70% 

were typically obtained (relative to the number of spiked cells). The results using this 

target organism demonstrated that the laboratory tools developed in this study -could be 

used to track specific BTEX-degrading populations to very low detection limits (~100 

organisms per g sediment) using PCR-based approaches, whereas, detection limits were 

on the order of lo5 for hybridization-based detection. PCR quantification methods are 

well suited to detection of specific target microorganisms (Gruntzig et al., 2001). 

Based on study findings, it is expected that more general probes for detecting 

related but not identical gene sequences could also be developed, although the major 

focus of this study was on specific gene sequences. Hybridization-based detection 
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methods would likely be more robust in this regard than PCR-based methods which 

involve annealing of short (20-30 bp) DNA regions. Hybridization analysis with larger 

DNA fragments (hundreds of base pairs) used as probes would allow for more sequence 

divergence in the target DNA since specific priming for amplification is not required. In 

order to reduce the potential for detection and quantification of false positives, high 

stringency conditions should be used in DNA:DNA hybridization analysis. PCR 

quantification methods are better suited to detection of specific target microorganisms 

(Gruntzig et al., 2001), and thus it may be more difficult to develop more “robust” 

primers for PCR applications. 

This study provided some preliminary information for the development of 

methods to determine the effect of oxygenates on the microbial community responsible 

for aerobic BTEX degradation. Additional work is required to optimize the primers and 

probes developed as part of this study and to test their application in field samples. AS 

sequence information becomes available in the database for other relevant catabolic 

pathways, such as for MTBE degradation, the approaches used in this study can be used 

to develop primers and probes for these microbial populations in environmental samples 

as well. 
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